Polypyrrole nanoparticles (PPy) were synthesized by the chemical oxidative microemulsion of pyrrole (Py) monomer using ammonium persulfate (APS) as an oxidant agent and sodium dodecylsulfate (SDS) as a surfactant at 28°C and 0°C. Different Py:APS:SDS molar ratios were used, and the properties of the resulting material were examined by four-probe DC electrical conductivity, ultraviolet-visible-near infrared (UV-vis-Nir), and Fourier-transform infrared (FTIR) spectroscopies as well as field-emission scanning electron microscopy (FESEM). UV-vis-Nir and FTIR spectra show the formation of a polaron band owing to the doping of PPy by SDS. The electrical conductivity and morphology of PPy nanoparticles depend on the synthesis conditions. Electrical conductivity of ~95.3×10 -3 S/cm was achieved for PPy synthesized at 0°C. For the same Py:APS:SDS molar ratio, the nanoparticle shape changed from cylindrical to spherical upon simply lowering the synthesis temperature.
Introduction
Among intrinsically conductive polymers (ICPs), polypyrrole (PPy) and polyaniline (PANI) have attracted considerable attention in the last two decades owing to their good electrical conductivity and thermal stability, easy synthesis, and low production cost [1, 2] . These polymers can potentially be applied as electromagnetic shielding (EMI), sensors, electrical and electrochemical devices, etc. [1, 2] . PPy has been widely investigated for biomedical applications owing to its good in vivo and in vitro biocompatibility [3] . Various synthesis routes and methods can be used to obtain PPy in different forms [1, 2, 4] such as the film form, nanoparticles, and nanotubes. In order to obtain the PPy nanoparticle form, microemulsion polymerization is generally employed. In this process, surfactant and dopant molecules strongly influence the nanoparticle morphology and electrical conductivity [2, 5] . Anionic surfactants can also act as dopants when associated with the PPy chain. Various research groups [1, 2] have reported the preparation of PPy nanoparticles by microemulsion using anionic and cationic surfactants and different oxidant agents. In these studies, the particle size was typically 40-200 nm. Jang et al. [6] obtained remarkably small PPy nanoparticles with diameters as small as 2 nm using low-temperature microemulsion polymerization. Octyltrimethylammonium bromide (OTAB), decyltrimethylammonium bromide (DeTAB), and dodecyltrimethylammonium bromide (DTAB) were the cationic surfactants used to control the nanoparticle morphology. Iron (III) chloride was used as the oxidant, and polymerization was conducted at 3°C. Zhang et al. [7] found different nanostructures (wire-and ribbon-like) using DTAB as the cationic surfactant and ammonium persulfate (APS) as the oxidant. The PPy morphologies strongly depended on the monomer concentration, surfactant concentration, and surfactant length. At room temperature, electrical conductivity of 7.3×10 -3 S/cm was found, and this low value was attributed to the low doping level. Choi et al. [8] investigated the relationship between the nanoscale morphology and macroscopic electrical conductivity of PPy prepared from different types of surfactants and reaction sequences. They found that the morphology and electrical conductivity of PPy nanostructures were influenced by both the type of ionic surfactant and the addition sequence of the reactants. Using sodium dodecylsulfate (SDS) as the surfactant and APS as the oxidant, electrical conductivity and average minor diameter of ~5.2×10 -2 S/cm and 23.1 nm, respectively, were achieved. Hazarika et al. [9] investigated the effect of SDS concentration on particles morphology. They found that the nanoparticle shape changed from spherical to cylindrical upon simply changing the SDS concentration and that the PPy nanoparticle size reduced with an increase in the surfactant concentration.
This study reports the preparation and characterization of PPy nanoparticles synthesized by microemulsion polymerization using SDS as the surfactant and dopant and APS as the oxidant at 28°C and 0°C. Different Py:APS:SDS molar ratios were used, and the properties of the resulting material were discussed. This study shows that the nanoparticle size and shape change from cylindrical to spherical upon simply lowering the synthesis temperature.
Materials and Experimental Procedures

Materials
Pyrrole (Py, 99.98%) and SDS (98.5%) were purchased from Sigma-Aldrich. APS (99.8%) was obtained from Merck. Acetone (99.5%) and methyl alcohol (99.8%) were purchased from Dinâmica Brazil. All chemical products were used as received.
Characterization
FTIR analysis was conducted on samples prepared with potassium bromide (KBr) in the form of pellets (dried for 1 h at 100°C) using a Nexus 670 spectrophotometer (Nicolet Instrument Corporation). The UV-vis-NIR absorption spectra of aqueous PPy dispersions were obtained using a Cary 50 spectrophotometer (Varian). Spectra were recorded from 300 to 1000 nm. SEM images were obtained using a Supra 35 field-emission scanning electron microscope (FESEM; Zeiss). 5 µL of PPy aqueous suspension (4.3 g/100 mL) was diluted in 1 mL of isopropyl alcohol, and 3 µL of the resultant suspension was cast onto silicon substrates, dried in dynamic vacuum for 1 h at room temperature, and coated with carbon by sputtering prior to FESEM analysis. The DC electrical conductivity of PPy pellets was determined by the four-probe method using a voltage-current source (Model 236 Source measure unit, Keithley Co., Ltd.).
Polypyrrole Synthesis
PPy nanoparticles were synthesized via microemulsion polymerization. SDS was dissolved in distilled water (0.08 mol/L) by stirring for 30 min. This solution was divided into two (01 and 02). Py monomer and APS oxidant was added to solutions 01 and 02, respectively, in the desired amount. These solutions were mechanically stirred at 350 rpm for 15 min, and then, solution 02 was added drop-wise to solution 1 while stirring. Polymerization was conducted for 1 h at 28°C (room temperature). During polymerization, the color of the system slowly changed from brownish-black to black. Polymerization was terminated by pouring methanol (20 mL) into the system followed by acetone (20 mL), causing PPy to precipitate. This final dispersion was centrifuged at 10,000 rpm for 10 min at 25°C to separate PPy from the solution. The centrifuged PPy was dispersed in distilled water, methanol, and acetone and centrifuged again. This operation was performed three times. The final PPy was dried in an oven at 75°C for 72 h. In a similar manner, low-temperature microemulsion polymerization was conducted at 0°C. In this case, the temperature of solution 01 was reduced to 0°C before it was mixed with solution 02, and the system temperature was kept at 0°C during polymerization.
Results and Discussion
The electrical conductivities of PPy obtained under different synthesis conditions are shown in Table 1 . It is observed that the conductivity depends on the synthesis condition. For Py:APS = 2:1, the electrical conductivity increases by one order of magnitude when increasing SDS from 1 to 392 21st Brazilian Conference on Materials Science and Engineering 2. No significant change was observed when SDS was increased from 2 to 3, suggesting that even higher values will not substantially increase the electrical conductivity. The same behavior was found for Py:APS = 1:1. In this case, the electrical conductivity reached ~88.0×10 -3 S/cm, which was one order of magnitude higher than that for Py:APS = 2:1. Upon reducing Py:APS to 1:2, the conductivity also decreased. This fact is probably related to the size of the chains decreasing with an increase in APS. The synthesis temperature also strongly influenced the electrical conductivity of the polymer. For Py:APS:SDS = 1:1:2, the conductivity increased by 32% when synthesis was performed at 0°C compared with when it was performed at room temperature (28°C). At low temperature, the reaction occurs more slowly, promoting longer chains with fewer defects [10, 11] . Fig 1A shows the UV-vis spectra of PPy obtained under different synthesis conditions. All spectra showed a band at ~478nm (2.59 eV) associated with the π-π* transition and a free tail above 800 nm associated with the bipolaron state of PPy. This characteristic reveals an expanding conformation of PPy and high degree of doping [12] . This result shows that the SDS also acts as a dopant. The infrared spectra of PPy synthesized at 28°C and 0°C in the region from 2000 to 600 cm -1 are shown in Fig. 1B , and the major spectral assignments are summarized in Table 2 . The spectra are consistent with those found in the literatures for doped PPy. The peak intensity at ~1550 cm -1 is associated with the C=C/C-C stretching modes of PPy. Lei et al. [13] used the ratio between the absorption peaks at 1560 cm -1 and 1540 cm -1 and related it to the conjugation length along the polymer chains. In our case, we found that the ratio between the intensity of 1550 cm -1 and 1458 cm -1 is higher to LT112 than to RT112, indicating that PPy synthesized at 0°C has the longest effective conjugation length [14, 15] . This result is in accordance with the electrical conductivity measurements. Fig. 02 shows a comparison of the morphology of PPy synthesized at different temperatures. PPy nanoparticles were formed in both cases. Aggregated nanoparticles showing elongated shape morphology were observed when the synthesis was conducted at 28°C. PPy nanoparticles showed a uniform sphere-like morphology with ~5.1-nm diameter when the synthesis was conducted at 0°C. Decreasing the synthesis temperature reduced the chain surfactant mobility, thereby decreasing the volume surfactant micelles. The different shapes can be related to the interaction of electrical charges of the surfactant with positively charge PPy, which could destabilize PPy nanoparticles at 28°C owing to the higher chain surfactant mobility. Hazarika et al. [9] showed that the nanoparticle shape changes from spherical to cylindrical upon changing the SDS concentration. In this study, we found that the same shape change is possible by increasing the temperature.
Conclusion
PPy nanoparticles were successfully synthesized by the microemulsion polymerization of Py monomer in the presence of APS and SDS. The morphology and electrical conductivity of PPy nanostructures were influenced by the synthesis conditions. For the same Py:APS:SDS molar ratio 394 21st Brazilian Conference on Materials Science and Engineering (2:1:2), the electrical conductivity increased from 5.8×10 -3 to 21.2×10 -3 S/cm upon lowering the synthesis temperature from 28°C to 0°C, and the nanoparticle shape changed from cylindrical to spherical with ~5.1-nm diameter. This result can be related to the surfactant mobility of SDS, which also acts as a dopant.
